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Pathogens commonly disrupt host cell processes or
cause damage, but the surveillance mechanisms
used by animals to monitor these attacks are poorly
understood. Upon infection with pathogenic Pseu-
domonas aeruginosa, the nematode C. elegans
upregulates infection response gene irg-1 using the
zip-2 bZIP transcription factor. Here we show that
P. aeruginosa infection inhibits mRNA translation in
the intestine via the endocytosed translation inhibitor
Exotoxin A, which leads to an increase in ZIP-2
protein levels. In the absence of infection we find
that the zip-2/irg-1 pathway is upregulated following
disruption of several core host processes, including
inhibition of mRNA translation. ZIP-2 induction is
conferred by a conserved upstream open reading
frame in zip-2 that could derepress ZIP-2 translation
upon infection. Thus, translational inhibition, a
common pathogenic strategy, can trigger activation
of an immune surveillance pathway to provide host
defense.
INTRODUCTION
Epithelial cells are exposed to microbes that can be pathogenic,
innocuous, or beneficial. In particular, epithelial cells in the
human intestine are in contact with trillions of microbes, repre-
senting hundreds of different microbial species (Qin et al.,
2010; Turnbaugh et al., 2007). Intestinal epithelial cells are impor-
tant for defense responses but must carefully regulate these
responses so they are only activated under appropriate condi-
tions (Lai and Gallo, 2009; Rescigno, 2011; Sansonetti, 2011;
Sansonetti and Medzhitov, 2009). For example, inappropriate
activation of defense responses can lead to inflammatory disor-
ders such as inflammatory bowel diseases (Khor et al., 2011;
Xavier and Podolsky, 2007). How do epithelial cells discriminate
between different types of microbes? One mechanism for de-
tecting and discriminating microbes involves recognition of
pathogen-associated molecular patterns, or PAMPs (Ishii et al.,
2008). However, despite their name, PAMPs such as the
Gram-negative cell wall component lipopolysaccharide (LPS)
are found in both pathogenic and nonpathogenic microbes.
Thus, a more accurate term used often in plant immunityCell Hresearch is MAMPs (microbe-associated molecular patterns)
(Ausubel, 2005; Sanabria et al., 2010). Much is known about
the metazoan signaling pathways activated by PAMPs/MAMPs,
involving pathogen-recognition receptors (PRRs) like Toll-like
receptor 4 used to detect LPS. In contrast, little is known about
how animals detect pathogen attack in order to discriminate
pathogens from innocuous microbes.
Two general methods could be used to detect pathogen
attack. First, virulence factors or the machinery used to deliver
them could be directly detected. For example, detection of the
bacterial type III secretion machinery was recently described in
mammals (Auerbuch et al., 2009; Kofoed and Vance, 2011;
Miao et al., 2010; Zhao et al., 2011). Second, hosts could detect
the effects of virulence factors, which often act to disrupt host
cell processes. For example, the ‘‘danger hypothesis’’ posits
that cells detect damage-associated molecular patterns, or
DAMPs, which can be molecules such as ATP or other cellular
components that are released by damaged cells (Lotze et al.,
2007; Medzhitov, 2009; Minnicozzi et al., 2011; Vance et al.,
2009). Alternatively, hosts could use ‘‘surveillance pathways’’
to monitor either individual proteins or processes that have
been altered by pathogens. Elegant work in plant immunity has
established the importance of this kind of defense, which is often
called effector-triggered immunity (Dangl and Jones, 2001;
Jones and Dangl, 2006), and a similar phenomenon has recently
been described in flies and mammals (Boyer et al., 2011). Viru-
lence factor detection, DAMPs, and surveillance pathways are
all part of a conceptual framework called ‘‘patterns of pathogen-
esis’’ that could be used to discriminate pathogens from innoc-
uous microbes (Vance et al., 2009). Many questions remain
about the strategies animals use for this distinction, which is
especially critical for epithelial cells that are situated on the front
lines of defense.
To address the question of how animals discriminate patho-
gens from innocuous microbes, we are investigating the
C. elegans early response to infection by the bacterial pathogen
P. aeruginosa. P. aeruginosa causes a lethal intestinal infection
in the nematode C. elegans that requires some of the same
virulence factors required for infections in mammalian hosts
(Tan et al., 1999). We defined a set of C. elegans early infection
response genes that are induced specifically by P. aeruginosa
(Troemel et al., 2006). Using a reporter for one of these genes,
infection response gene-1 (irg-1), we identified a bZIP transcrip-
tion factor called zip-2 that is required for induction of irg-1 and
for defense against killing by P. aeruginosa (Estes et al., 2010).
irg-1 is induced only by pathogenic P. aeruginosa, but not by
nonpathogenic P. aeruginosa strains, nor by other pathogensost & Microbe 11, 375–386, April 19, 2012 ª2012 Elsevier Inc. 375
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aureus. Thus, irg-1 provides a specific readout for pathogenicity
of P. aeruginosa. We hypothesized that the zip-2/irg-1 response
pathwaywas triggered either by a toxin(s) produced byP. aerugi-
nosa or by the effects of these toxins.
Here we show thatC. elegans responds toP. aeruginosa infec-
tion by detecting Exotoxin A-triggered translational inhibition.
This translational inhibition leads to activation of the zip-2/irg-1
pathway, which functions in surveillance of essential host
processes to provide defense. An accompanying manuscript
demonstrates that Exotoxin A is sufficient to induce the zip-2/
irg-1 pathway when expressed in nonpathogenic bacteria (McE-
wan et al., 2012 [this issue of Cell Host & Microbe]). In our study,
we performed a genome-wide RNAi screen for regulators of irg-1
expression and found that disruption of translation, as well as
disruption of other essential core processes, induces irg-1
expression in the absence of infection, and that this induction
requires zip-2. We found that P. aeruginosa infection leads to
translational inhibition in the intestine, and this effect is depen-
dent on Exotoxin A. We found that host endocytosis during
infection is important for irg-1 induction, suggesting that
C. elegans senses P. aeruginosa virulence factors imported via
endocytosis. Interestingly, we found that both infection and
translational inhibition increase levels of ZIP-2 protein. Further-
more, the infection-induced increase of ZIP-2 protein expression
is mediated by a region of zip-2 that contains an upstream open
reading frame (uORF) that is conserved with the sister species
C. briggsae. Translation attenuation in this uORF by Exotoxin A
could thus act to switch on ZIP-2 expression and its downstream
effectors upon infection. This toxin-induced method of defense
may represent a form of surveillance immunity, comprising an
important part of the innate immune armamentarium that
enables animals to discriminate pathogens from innocuous
microbes.
RESULTS
Disruption of Core Host Processes Activates zip-2-
Dependent irg-1 Expression in the Absence of Infection
To identify regulators of the zip-2/irg-1 response pathway, we
conducted a genome-wide RNAi screen by feeding irg-
1p::GFP animals RNAi clones of E. coli (the laboratory food
source for C. elegans). This collection of RNAi clones corre-
sponded to 94% of C. elegans genes. We then screened for
constitutive irg-1p::GFP expression on E. coli in the absence of
infection. Out of 18,000 RNAi clones tested, we identified 57
RNAi clones that caused increased expression of irg-1p::GFP
in comparison to control RNAi-treated worms (see Table S1 on-
line). Genes identified in this screen fell into several functional
classes, including tRNA synthetases, translation factors,
histones, metabolic enzymes, and regulators of fatty acid
homeostasis. As noted in Table S1, RNAi against most of these
genes caused some sort of developmental delay, indicating that
disruption of several essential processes can cause upregulation
of irg-1 expression.
To characterize these RNAi hits, we investigated whether
their effects on irg-1 expression were dependent on the bZIP
transcription factor zip-2, similar to the effects of P. aeruginosa
infection. Our previous studies utilized the zip-2(tm4067) muta-376 Cell Host & Microbe 11, 375–386, April 19, 2012 ª2012 Elseviertion, which is likely a partial loss-of-function mutation, since it
causes less severe defects than zip-2 RNAi (Estes et al., 2010).
For this study, we characterized an additional deletion allele of
zip-2 called tm4248 (Figure S1). We found that the zip-2
(tm4248) mutation causes greater defects in irg-1 and irg-2
induction than the zip-2(tm4067) mutation (Figures 1A–1D). In
addition, zip-2(tm4248) had slight defects in induction of other
genes that are not affected by zip-2(tm4067) or zip-2 RNAi (Fig-
ure 1D) (Estes et al., 2010). In summary, zip-2(tm4248) appears
to be a stronger loss-of-function allele than zip-2(tm4067) and
has a pronounced defect in irg-1 induction.
By performing RNAi knockdown in the zip-2(tm4248) deletion
background, we found that many of the hits from our RNAi
screen no longer had an effect on irg-1 expression, indicating
their dependence on wild-type zip-2 (Table S1). For example,
RNAi against all 19 tRNA synthetases, and against translation
elongation and termination factor genes, caused irg-1p::GFP
induction that was dependent on zip-2. However, RNAi against
translation initiation factor genes caused irg-1p::GFP induction
that was largely independent of zip-2. Histones fell into both
zip-2-dependent and zip-2-independent classes: H2A and H2B
histones had zip-2-dependent effects, whereas H3 and H4
histones had zip-2-independent effects. Thus, most RNAi clones
from our screen that induce irg-1 in the absence of infection
appear to signal through zip-2, although other pathways may
also be involved (see the Supplemental Information, S1, for
details on other hits).
Translational Inhibition Activates irg-1 mRNA
Expression and Requires zip-2
RNAi against tRNA synthetase genes caused a very strong
induction of irg-1 (measured by irg-1p::GFP fluorescence and
qRT-PCR of endogenous irg-1 mRNA) that in all cases was
dependent on zip-2 (Table S1 and Figures 2A–2D). In addition,
we found other genes in our screen that are important for trans-
lational elongation, such as translation elongation factor 2 (EF-2),
eef-2: RNAi against eef-2 caused irg-1 induction that was depen-
dent on zip-2 (Table S1). Therefore, we next askedwhether direct
inhibition of translation elongation with a chemical inhibitor
would have the same effect. We treated irg-1p::GFP animals
with cycloheximide, a translational elongation inhibitor
(Schneider-Poetsch et al., 2010), and found that it strongly
induced irg-1 (Figure 2E), which was dependent on zip-2.
Thus, either genetic or chemical inhibition of mRNA translation
led to zip-2-dependent upregulation of irg-1 expression.
We also examined whether translational inhibition caused
induction of other P. aeruginosa infection-induced genes. Infec-
tion response gene-2 (irg-2) is another gene induced by
P. aeruginosa via zip-2 (Estes et al., 2010). qRT-PCR analysis
indicated that translational inhibition through either tRNA synthe-
tase RNAi or cycloheximide treatment caused robust induction
of irg-2 (Figures 2D and 2E). However, while tRNA synthetase
RNAi induction of irg-2 was dependent on zip-2, cycloheximide
induction of irg-2 was independent of zip-2, suggesting that
cycloheximidemay also activate other pathways. Cycloheximide
treatment caused very little induction of zip-2-independent
genes like C32H11.1 (Figure 2E), which we previously demon-
strated to depend either partially or completely on the PMK-1
p38 MAPK pathway (and not on zip-2) for their induction byInc.
Figure 1. zip-2(tm4248) Mutants Are Defective in Inducing irg-1 and irg-2 in Response to Infection
(A) Wild-type irg-1p::GFP animals infected with PA14.
(B) zip-2(tm4067);irg-1p::GFP animals infected with PA14—note reduced GFP fluorescence.
(C) zip-2(tm4248);irg-1p::GFP animals infected with PA14—note even further reduced fluorescence. Green is irg-1p::GFP and red ismyo-2::mCherry expression
in the pharynx as a marker for the transgene. Images in (A)–(C) are overlays of green, red, and Nomarski channels. Scale bar, 200 mm.
(D) qRT-PCR comparison of PA14-induced gene expression in wild-type, zip-2(tm4067), and zip-2(tm4248) mutants. Note greater defect in irg-1 induction in
zip-2(tm4248) compared to zip-2(tm4067). Results shown are the average of three independent biological replicates, error bars are SD. ***p < 0.001, **p < 0.01,
*p < 0.05 using one-sample one-tailed or two-sample two-tailed t tests. n.s., not significant. See also Figure S1.
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contrast, tRNA synthetase RNAi did cause robust induction of
C32H11.1 and other p38 MAPK-dependent genes (Figure 2D).
In summary, either genetic or chemical inhibition of translation
caused induction of the zip-2/irg-1 pathway in the absence of
infection, although translational inhibitionmay also activate other
signaling pathways.
P. aeruginosa Infection Blocks Protein Production
in the Intestine
The results described above suggest that P. aeruginosa infection
might induce irg-1 mRNA expression through inhibition of host
translation. To examine this possibility, we took an image-based
approach to analyzing translational efficiency during infection
with P. aeruginosa. We used transgenic animals that express
a heat shock-inducible GFP reporter to test whether mRNA tran-
scripts newly made during P. aeruginosa infection are translated
into protein. dvIs70[hsp-16.2::GFP] transgenic animals induce
GFP broadly throughout the animal in many tissues after heat
shock treatment (Link et al., 1999), (Figures 3A, 3C, and 3E).
In striking contrast, when animals were first infected with
P. aeruginosa and then heat shocked, they have much less
GFP induction in the intestine, which is the site of
P. aeruginosa attack (Figures 3B, 3D, and 3E). However, they
retain relatively normal GFP induction in other tissues, such as
the pharynx, hypodermis, and eggs. One possible explanationCell Hfor this result is that P. aeruginosa blocks heat shock-induced
GFP transcription during infection. However, qRT-PCR analysis
indicated that GFP mRNA was not expressed less in
P. aeruginosa-infected animals compared to control E. coli-fed
animals (Figure S2A). We also performed RNA fluorescence
in situ hybridization (FISH) to examine GFP mRNA levels specif-
ically in the intestines of infected and uninfected animals. Impor-
tantly, there was not less GFP mRNA signal in the intestines of
P. aeruginosa-infected animals compared to uninfected animals,
and in fact there was more signal (Figure S2B). Therefore,
GFP transcription does not appear to be blocked in the intestine
of infected animals. Altogether, these results suggest that
P. aeruginosa infection impairs mRNA translation in the
C. elegans intestine early during the infection process.
How might P. aeruginosa infection cause translational inhibi-
tion in the C. elegans intestine? P. aeruginosa expresses a toxin
called Exotoxin A (ToxA), which is endocytosed by host cells,
and then ADP ribosylates EF-2 to inhibit host translation (Fitz-
Gerald et al., 1980; Ogata et al., 1990). In order to determine
whether ToxA is required for the P. aeruginosa-mediated block
of intestinal translation, we testedwhether a toxAmutant (Rahme
et al., 1995; Tan et al., 1999) blocks heat shock induction of GFP.
Interestingly, we found that the toxA mutant did not block heat
shock-induced GFP expression (Figure 3E). Therefore, ToxA is
required for the block in intestinal GFP production caused by
P. aeruginosa infection.ost & Microbe 11, 375–386, April 19, 2012 ª2012 Elsevier Inc. 377
Figure 2. Translational Inhibition Induces zip-2-Dependent Expression of irg-1 in the Absence of Infection
(A) RNAi control (L4440)-treated irg-1p::GFP animals grown on E. coli.
(B) tRNA synthetase nars-1 RNAi-treated irg-1p::GFP animals grown on E. coli have increased GFP expression.
(C) nars-1 RNAi-treated irg-1p::GFP;zip-2(tm4248) animals grown on E. coli do not have increased GFP expression. Green is irg-1p::GFP, and red is
myo-2::mCherry expression in the pharynx as a marker for presence of the transgene. Images in (A)–(C) are overlays of green, red, and Nomarski channels.
Scale bar, 200 mm.
(D) qRT-PCR comparison of infection response gene expression in animals grown on E. coli, as upregulated by aars-2 or nars-1 tRNA synthetase RNAi treatment
compared to L4440 control-treated animals, in wild-type or zip-2(tm4248) mutant background.
(E) qRT-PCR comparison of infection response gene expression induced by 4 hr of 2mg/ml cycloheximide (CHX) treatment compared to ethanol (vehicle control),
in wild-type or zip-2(tm4248) mutant background.
(D and E) Results shown are the average of three independent biological replicates, error bars are SD. ***p < 0.001, **p < 0.01, *p < 0.05 using one-sample
one-tailed t test. n.s., not significant. See also Table S1.
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inhibition (Figure 3E), and translational inhibition causes irg-1
induction (Figure 2), we next asked whether ToxA was required
for irg-1 induction upon infection. We found that the toxA378 Cell Host & Microbe 11, 375–386, April 19, 2012 ª2012 ElsevierP. aeruginosa mutant still induced irg-1::GFP, suggesting that
ToxA is not required for this response (data not shown). Then
we used qRT-PCR to quantitatively test the toxA mutant for its
ability to induce endogenous irg-1 mRNA expression and foundInc.
Figure 3. P. aeruginosa Infection Blocks Produc-
tion of Heat Shock-Induced GFP in the Intestine
(A) Animals grown on E. coli: hsp-16.2::GFP is induced
broadly.
(B) Animals infected with P. aeruginosa: hsp-16.2::GFP is
still induced in many tissues but is induced less in the
intestine. In (A) and (B), pharynx is indicated with arrow,
developing embryos are indicated with arrowhead, and
intestine is indicated with curly brace. Scale bar, 200 mm.
(C) Animal grown on E. coli: hsp-16.2::GFP is induced
strongly in the intestine, indicated with curly brace.
(D) Animal infected with P. aeruginosa: hsp-16.2::GFP is
not induced in the intestine indicated with curly brace but
is induced in hypodermis, indicated with square bracket.
(C and D) Arrow indicates an intestinal nucleus; scale bar,
20 mm.
(E) GFP fluorescence levels after heat shock in either the
intestine or pharynx of animals either fed E. coli OP50,
infected with wild-type P. aeruginosa PA14, or infected
with toxA mutant P. aeruginosa. Each dot represents
fluorescence quantified in one animal, horizontal lines for
each sample indicate the mean, and the horizontal line at
the bottom indicates the level of autofluorescence.
Difference in the intestine is significant between OP50 and
wild-type PA14, and between wild-type and toxA mutant
PA14 (***p < 0.001 with a two-tailed t test), but not
between OP50 and toxA mutant PA14 (p = 0.32). Differ-
ence in the pharynx is moderately significant between
OP50 and wild-type PA14 (*p < 0.05 with a two-tailed
t test) and not significant between wild-type PA14 and
toxAmutant (p = 0.16), or OP50 and toxAmutant PA14 (p =
0.56). Similar results were obtained in seven independent
experiments comparing OP50 and wild-type PA14, and
four independent experiments also comparing toxA
mutant PA14. See also Figure S2.
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mRNA induction compared to wild-type P. aeruginosa (Fig-
ure S3A). The fact that toxA mutants are strongly defective in
translational inhibition but only slightly defective for irg-1 induc-
tion suggests that P. aeruginosa may produce additional toxins
to block other pathways that also regulate irg-1 induction.
Such pathways could include those identified in our screen
(Table S1).
Endocytosis Is Important for Induction of Infection
Response Genes
We next investigated whether endocytosis is required to trigger
an infection response in the C. elegans intestine during infection.
Previous work with electron microscopy indicated that
P. aeruginosa bacterial cells do not enter C. elegans intestinal
cells in the first 24 hr of infection (Irazoqui et al., 2010). However,Cell Host & Microbe 11it is well-established that Exotoxin A and other
bacterial toxins can enter host cells via endocy-
tosis (FitzGerald et al., 1980; Ogata et al., 1990;
Zdanovsky et al., 1993). To disrupt endocytosis,
we used a temperature-sensitive dyn-1(ky51ts)
mutant, which is defective in dynamin, a protein
required for fission of clathrin-dependent endo-
cytic vesicles in the intestine (Clark et al., 1997;
Grant et al., 2001). We grew dyn-1(ky51ts);irg-1p::GFP animals at the permissive temperature to allow
them to develop normally. Then we shifted them to the restrictive
temperature during the L4/young adult stage, infected themwith
P. aeruginosa, and examined irg-1::GFP induction. We found
that pathogen-induced irg-1p::GFP expression was much lower
in dyn-1mutant animals compared to wild-type controls (Figures
4A and 4B), suggesting that endocytosis is indeed required to
trigger full irg-1 induction. We next examined irg-1mRNA induc-
tion in dyn-1 mutants with qRT-PCR and found that induction of
many infection response genes was abrogated. This result indi-
cates that endocytosis is required for triggering irg-1 induction,
as well as triggering induction of other genes in response to
infection, including ZIP-2-dependent transcripts like irg-2 and
ZIP-2-independent transcripts like C32H11.1 (Figure 4C).
Because dyn-1 mutants have a slower feeding rate, we exam-
ined pathogen load but found that it was similar in wild-type, 375–386, April 19, 2012 ª2012 Elsevier Inc. 379
Figure 4. Endocytosis Is Important for Induction of irg-1 and Other
Infection Response Genes
(A) Wild-type irg-1p::GFP animals infected with P. aeruginosa for 8 hr.
(B) dyn-1(ky51ts);irg-1p::GFP mutant animals infected with P. aeruginosa for
8 hr.
(A and B) Green is irg-1p::GFP, red is myo-2::mCherry expression in the
pharynx as a marker for presence of the transgene.
(C) qPCR of wild-type versus dyn-1(ky51ts) endocytosis-defective mutants.
Results shown are the average of three independent biological replicates.
Error bars are SD. ***p < 0.001, **p < 0.01, *p < 0.05 using one-sample two-
tailed t test.
(D) Pathogen load in wild-type and dyn-1(ky51ts)mutants. Each dot represents
the entire intestine quantified in one animal, the red horizontal line indicates the
mean of several animals, and the horizontal line at bottom indicates auto-
fluorescence. Difference is not significant (p = 0.26, with a two-tailed t test).
(E) qRT-PCR measurements of irg-1 mRNA show that it is highly induced by
wild-type PA14, but not by gacAmutant PA14 or heat-killed PA14. Results are
the average of three independent experiments, error bars are SD. See also
Figure S3.
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does not likely account for the lower gene induction in dyn-1
mutants. Our results suggest that dyn-1 mutants fail to induce
irg-1 and other infection response gene expression due to a
defect in intestinal endocytosis.
Our previous microarray studies indicated that all of the genes
analyzed in Figure 4C have less induction in response to the less
virulent gacAmutant than to wild-type P. aeruginosa, suggesting
that they are induced by virulence factors (Troemel et al., 2006).380 Cell Host & Microbe 11, 375–386, April 19, 2012 ª2012 ElsevierFurther analysis using heat-killed PA14 (which is completely
nonpathogenic) indicated that there was almost no induction of
these genes as assessed by qRT-PCR (Irazoqui et al., 2010),
although irg-1was not analyzed in this study. In a separate study,
we analyzed the irg-1 response to P. aeruginosa virulence using
gacA mutants and 19 P. aeruginosa strains and found a close
correlation between irg-1 induction and virulence (Estes et al.,
2010). To extend this analysis, we also analyzed irg-1 induction
by heat-killed PA14 and found very little induction, similar to the
response to gacA (Figure 4E). Because dyn-1 is defective in
induction of these genes, which are largely or entirely a response
to virulence, this suggests that endocytosis of virulence factors is
important for theC. elegans transcriptional response to infection.
P. aeruginosa Infection and Translational Inhibition
Activate ZIP-2::GFP Production
To learn more about the mechanism of irg-1 activation, we
examined regulation of zip-2 expression, since zip-2 controls
irg-1 induction. zip-2 mRNA appears to be highly expressed in
uninfected conditions based on EST analysis, in situ hybridiza-
tion, and microarray analysis (see the Supplemental Information
for more details). And our previous microarray analysis indicated
that zip-2 mRNA expression only increases 2.7-fold upon infec-
tion (Estes et al., 2010). To further examine zip-2mRNA expres-
sion and tissue distribution, we generated a transgene that
contains 2.3 kb of genomic DNA upstream of the predicted
zip-2 translational start site fused to GFP (zip-2p::GFP, aka
F21). Animals containing this transgene showed GFP expression
in the pharynx, as well as expression throughout the intestine
(Figure S4A). We found that intestinal expression was greatly
reduced when these animals were fed zip-2 RNAi (Figure S4B),
perhaps because the zip-2 RNAi clone targets the zip-2 50UTR,
or because ZIP-2 regulates its own expression. However,
consistent with microarray analysis, this expression did not
change substantially upon infection with P. aeruginosa (Fig-
ure S4C and see below). Altogether, these data indicate that
zip-2 mRNA levels are relatively high in uninfected animals and
do not increase substantially upon infection.
Next, we investigated whether induction of ZIP-2 protein could
account for the robust irg-1 induction upon infection. To examine
ZIP-2 expression and localization, we generated transgenic
animals that express ZIP-2 C-terminally tagged with GFP.
Specifically, they contain 2.3 kb upstream of the zip-2 predicted
ATG start site followed by the zip-2 genomic coding region with
GFP fused to the C terminus right before the predicted ZIP-2
stop codon. These ZIP-2::GFP transgenic animals showed virtu-
ally no expression when feeding on E. coli, suggesting that while
zip-2 mRNA is expressed in uninfected animals, it is not effi-
ciently translated into protein (Figure 5A). Strikingly, we found
that ZIP-2::GFP was induced in animals infected with
P. aeruginosa, with nuclear localization in intestinal cells (Fig-
ure 5C). At 4 hr after infection (the time of robust irg-1 induction),
we found that animals infected with P. aeruginosa had sig-
nificantly more GFP expression than animals feeding on
E. coli (Figure 5E). In order to assess whether ZIP-2::GFP local-
ization reflects the endogenous localization of ZIP-2, we
confirmed that it rescued the defect of irg-1 mRNA induction in
zip-2(tm4248) mutants (Figure 5F). Therefore, the ZIP-2::GFP
transgene is functional, and its increase in levels upon infectionInc.
Figure 5. ZIP-2::GFP Transgene Is Induced by PA14 Infection and Translational Inhibition
(A–D) In each panel, the left image shows GFP fluorescence in green indicated with arrowheads, and autofluorescence in yellow indicated with small arrows; the
right image shows an overlay of Nomarski with the left image and white outlines to indicate nuclei. Scale bars, 20 mm.
(A) ZIP-2::GFP transgenic animals do not show GFP expression when feeding on E. coli OP50, only autofluorescence.
(B) N2 (nontransgenic) animals show autofluorescence on E. coli.
(C) ZIP-2::GFP transgenic animals show nuclear GFP expression in the intestine when infected with P. aeruginosa PA14. Arrowheads indicate four examples of
nuclei expressing GFP.
(D) N2 animals show autofluorescence on PA14.
(E)Numberof intestinalnucleiwithGFPexpressionperanimal4hrafter transfer toPA14orOP50;eachdot representsananimal, and thehorizontalbar indicates themean.
(F) qRT-PCR shows that the ZIP-2::GFP transgene rescues the irg-1 induction defect of zip-2(tm4248) mutants. Results are the average of two biological
replicates, error bars are SD, *p < 0.05 with two-tailed t test.
(G) Number of intestinal nuclei with GFP expression in animals 6 hr after transfer to 2 mg/ml cycloheximide (CHX) or ethanol (vehicle control); each dot represents
an animal, and the horizontal bar indicates the mean.
(E and G) Experiments shown are representative of at least three independent biological replicates, >30 animals scored per condition in each experiment.
***p < 103 with a two-tailed t test. See also Figure S4.
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sion and localization of ZIP-2 protein.
Our data suggest that a key event in P. aeruginosa infection
leading to zip-2-dependent irg-1 induction is translational inhibi-
tion. To determine whether translational inhibition with cyclohex-
imide could activate ZIP-2::GFP production, we compared
ZIP-2::GFP expression in animals treated with cycloheximide to
those treated with vehicle control. Similar to P. aeruginosa infec-
tion, we found that cycloheximide treatment caused activation of
ZIP-2::GFP expression in the intestine (Figure 5G). Thus, our data
suggest thatP. aeruginosa infection inC. elegans causes transla-
tional inhibition, which leads to increased levels of ZIP-2 protein.
The zip-2 Upstream Region Contains Upstream Open
Reading Frames and Confers Infection-Induced
Upregulation
The increase in ZIP-2 protein levels we observed with infection
and translational inhibition is reminiscent of the translational acti-Cell Hvation of yeast GCN4 and mammalian ATF4, which are bZIP
transcription factors regulated by nutrient stress (Hinnebusch,
2005; Vattem and Wek, 2004). Translation of these transcription
factors is regulated by upstream ORFs (uORFs) in their 50UTRs.
Therefore we investigated whether the zip-2 50UTR contains
uORFs. There are two mRNA isoforms predicted for zip-2 based
on EST analysis, both of which have long 50UTRs (Figure 6A).
Both of these isoforms contain an intron spliced out of the
50UTR. We used an open reading frame finder to look for addi-
tional ORFs in this region and identified three predicted uORFs
in the zip-2 50UTR (Figure 6A). uORFa starts before the predicted
zip-2 start and overlaps the zip-2 ORF out-of-frame. uORFb and
uORFc start further upstream and stop before the predicted
zip-2 start. uORFb and uORFc both cross the 50UTR splice
site, providing a possible explanation for why the ‘‘untranslated
region’’ has an intron—it may indeed be translated.
If uORFs are important for ZIP-2 function, we reasoned that
they would be conserved in the sister species Caenorhabditisost & Microbe 11, 375–386, April 19, 2012 ª2012 Elsevier Inc. 381
Figure 6. The zip-2 Upstream Region Contains uORFs and Confers
Upregulation upon Infection
(A) K02F3.4.1 is a major mRNA isoform for zip-2, K02F3.4.2 is a minor mRNA
isoform for zip-2. Both contain the predicted zip-2 ORF of 308 amino acids.
zip-2(tm4067) and zip-2(tm4248) alleles are deletions (see Figure S1). Three
predicted uORFs: uORFa in the 1 frame, uORFb in the 2 frame, uORFc
in-frame with ZIP-2. F21, F22, F28, and F34 refer to the location of GFP
fusions.
(B)C. briggsae predicted zip-2 cDNA andORFs. uORF is in the1 frame. Note
that this predicted uORF has similar start, stop, and frame as uORFa in
C. elegans zip-2.
(C) zip-2 region with uORFa confers induction of GFP upon infection with
P. aeruginosa. Strains analyzed in this panel include jyEx6 (F21), jyEx21 (F28),
and jyEx67 (F34). Results are from the same experiment with all strains tested
in parallel. Each dot represents fluorescence quantified in one animal, the
mean is shown with a horizontal line in the middle, and autofluorescence is
indicated by a line at the bottom. *p < 0.05, ***p < 0.005 with a two-tailed t test.
Results are representative of at least three independent experiments.
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C. briggsae ZIP-2 ortholog, a predicted 325 amino acid protein
that is 46% identical in the amino acid level to C. elegans
ZIP-2. Because of a lack of EST data, we only analyzed the
region just upstream of the predicted C. briggsae ZIP-2 start
and found a uORF strikingly similar to C. elegans uORFa in
length, frame, and placement (Figure 6B; see the Supplemental
Information for uORF amino acid sequences). In summary, an
overlapping uORF appears to be a conserved feature of ZIP-2,
supporting a possible role in ZIP-2 regulation.
To examine whether the uORFs could confer infection-
induced regulation of zip-2 expression, we generated transgenic382 Cell Host & Microbe 11, 375–386, April 19, 2012 ª2012 Elsevierlines containing the zip-2 upstream region and portions of the
overlapping uORFa fused to GFP, in-frame with the zip-2 ORF
(locations of GFP fusions are illustrated in Figure 6A). We then
infected animals containing these transgenes and compared
GFP expression in uninfected animals to P. aeruginosa-infected
animals. The zip-2p::GFP fusion called F21 contains none of
the ZIP-2 coding region and part of uORFa. This transgene
showed a small but significant upregulation upon infection
(1.6-fold, *p < 0.05), as did zip-2p::GFP fusion F28 (1.8-fold,
*p < 0.05), which contains eight more amino acids of uORFa (Fig-
ure 6C). By comparison, zip-2p::GFP fusion F34, which contains
the entire uORF, showed robust upregulation upon infection
(10.3-fold, ***p < 0.005, Figure 6C), consistent with the model
that uORFa plays an important role in the infection-induced up-
regulation of ZIP-2 protein levels. In addition, there was less
transgene expression in uninfected F34 transgenic animals
compared to F21 or F28 transgenic animals, suggesting that
uORFa may act to repress ZIP-2 mRNA translation in the
absence of infection. In summary, the zip-2 upstream region
contains a conserved uORF, which confers induction of ZIP-2
expression upon P. aeruginosa infection.
DISCUSSION
Epithelial cells regularly encounter a variety of microbes, only
some of which are pathogenic. Thus, these cells need specific
mechanisms to determine when microbes have launched a
pathogenic attack and need to respond appropriately. We
describe a surveillance pathway inC. elegans intestinal epithelial
cells that detects translational inhibition as a method to discrim-
inate pathogens from innocuous microbes (Figure 7A). Our data
indicate that upon P. aeruginosa infection, C. elegans intestinal
cells likely endocytose Exotoxin A, which ADP ribosylates EF-2
to inhibit mRNA translation. Inhibition of translation then
switches on ZIP-2 translation (see below) to induce expression
of irg-1 and other downstream effectors to provide defense.
We previously showed that zip-2 contributes to defense against
killing byP. aeruginosa (Estes et al., 2010), and an accompanying
manuscript demonstrates that zip-2 is required for defense
against killing by E. coli expressing ToxA (McEwan et al.,
2012). ZIP-2 may provide defense by regulating expression of
genes such as p-glycoprotein transporters that could pump
toxins out of the cell, and UDP-glucuronosyltransferases that
could inactivate toxins (Estes et al., 2010).
We only found a minor role for Exotoxin A in irg-1 induction
caused by P. aeruginosa infection (Figure S3). However, the
accompanying manuscript demonstrates that ToxA expression
in nonpathogenic bacteria is sufficient to cause robust irg-1
induction, and this induction is dependent on the catalytic resi-
dues in ToxA (McEwan et al., 2012). Therefore, ToxA may act
redundantly with other toxins that inhibit other essential host
processes that control irg-1 expression, such as those we iden-
tified in our RNAi screen (Figure 7B). This redundancy would not
be surprising, as studies of pathogens like L. pneumophila have
uncovered extensive virulence factor redundancy (O’Connor
et al., 2011).
How does infection-induced translational inhibition ultimately
result in increased levels of ZIP-2 protein? The zip-2 50UTR
contains several uORFs including a conserved overlappingInc.
Figure 7. Model for Induction of C. elegans zip-2/
irg-1 Surveillance Pathway
(A) Endocytosis of P. aeruginosa toxins causes trans-
lational inhibition, which activates zip-2 immune response
pathway.
(B) zip-2/irg-1 pathway is activated by disruption of several
core host processes. See the Discussion for details.
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ZIP-2 translation. Interestingly, there are several examples from
yeast to mammals of stress response factors only being trans-
lated into protein during times of stress, and this regulation is
conferred by uORFs (Sonenberg and Hinnebusch, 2009). For
example, the yeast bZIP transcription factor GCN4 is only trans-
lated during amino acid starvation and translational inhibition
(Hinnebusch, 2005). When amino acids and/or ternary complex
is limiting, the scanning ribosomes fail to initiate translation at
the inhibitory uORFs and thus can initiate translation at the start
codon of GCN4. This phenomenon is conserved with the
mammalian bZIP transcription factor ATF4, which also responds
to amino acid starvation (Vattem and Wek, 2004). A related but
distinct example comes from the mammalian cat-1 amino acid
transporter, which contains a uORF that causes formation of
an internal ribosomal entry site when translation elongation is
attenuated, in order to induce translation of cat-1 during starva-
tion (Fernandez et al., 2005; Yaman et al., 2003). Perhaps the
zip-2 50UTR and uORFs use a related mechanism to specificallyCell Host & Microbe 11induce ZIP-2 translation during infection. An
alternative non-uORF-based explanation for
our results is that zip-2mRNA is normally bound
by a labile repressor, which is lost upon transla-
tional attenuation to then allow translation of
zip-2 mRNA. This model shares similarity with
NFkB activation in macrophages by translation
attenuation, which causes decreased levels of
the labile repressor IkB, ultimately leading to
NFkB nuclear translocation and cytokine gene
expression (Fontana et al., 2011). And perhaps
uORFa itself encodes a repressor protein,
although BLAST analysis of uORFa protein
sequence (Supplemental Information) against
the nr database yielded no hits with an E value
less than 0.4. Further work will be needed to
distinguish among these models for how infec-
tion-induced inhibition of translation can some-
what paradoxically lead to an increase in ZIP-2
protein.
Our data indicate that the zip-2/irg-1 pathway
provides surveillance for several core host
functions, in addition to mRNA translation (Fig-
ure 7B). For example, we found that RNAi
against histones induced irg-1 expression.
However, there was a distinction between
central histone components H3/H4, which are
the histones loaded onto DNA first, and H2A/B
histones, which are loaded next and are more
easily removed (Burgess and Zhang, 2010).
RNAi against H3/H4 histones caused zip-2-independent irg-1 induction, while RNAi against H2A/B histones
caused zip-2-dependent irg-1 induction. A similar theme
emerged from RNAi against translation factors. RNAi against
initiation factors caused mostly zip-2-independent irg-1 induc-
tion, while RNAi against elongation factors like EF-2 (eef-2)
caused zip-2-dependent irg-1 induction. One explanation for
these results is that an unidentified transcription factor, possibly
in parallel to zip-2, mediates irg-1 activation upon disruption of
early steps in core host functions, while ZIP-2 alone mediates
irg-1 activation upon disruption of later steps, like H2A/B loading
and translation elongation. RNAi against translation factors also
activates gene expression mediated by SKN-1, another
C. elegans bZIP transcription factor (Li et al., 2011; Wang
et al., 2010). Interestingly, there are distinct mechanisms of
SKN-1-dependent gene activation depending on whether initia-
tion or elongation is inhibited. Further work will be needed to
identify the transcription factors involved in surveillance of early
steps in host functions and how these factors are integrated with
ZIP-2 and SKN-1., 375–386, April 19, 2012 ª2012 Elsevier Inc. 383
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RNAi clones that perturb mitochondrial function and fatty acid
synthesis cause upregulation of irg-1 expression. A recent study
has shown that disruption of some of the same core processes
identified here, including translation and mitochondrial path-
ways, can cause aversion behavior and defense gene expres-
sion in C. elegans (Melo and Ruvkun, 2012). Thus, both escape
responses and upregulation of immune gene expression appear
to be activated by surveillance pathways that monitor many
essential host functions.
We found an important role for endocytosis in the C. elegans
intestinal immune response. Interestingly, endocytosis is also
important for the C. elegans hypodermal response to infection,
where host defense proteins localize to endosomes (Dierking
et al., 2011). We propose that endocytosis serves to internalize
P. aeruginosa-derived proteins like Exotoxin A, since
P. aeruginosa bacterial cells themselves are not found inside
intestinal cells within 24 hr (Irazoqui et al., 2010). Exotoxin A
has been long known to be endocytosed by mammalian cells
(FitzGerald et al., 1980). Perhaps much of the C. elegans epithe-
lial response to infection is triggered by endocytosis of toxins,
instead of by MAMPs/PAMPs binding to cell surface PRRs, as
occurs in professional immune cells of flies and mammals
(although endocytosis has recently been shown to be important
for Toll signaling in flies [Huang et al., 2010]). In contrast to flies
and mammals, C. elegans lacks professional immune cells,
and PRRs have not yet been found. While there is a single
C. elegans Toll-like receptor, it is not important for most immune
responses (Pujol et al., 2001; Pukkila-Worley and Ausubel,
2012). Our previous results indicated that the majority of the
C. elegans transcriptional response to P. aeruginosa is activated
by virulence factors, not by PAMPs/MAMPs (Estes et al., 2010;
Troemel et al., 2006) (Irazoqui et al., 2010) (Figure 4E). While
there is evidence that C. elegans responds to PAMPs/MAMPs
(Irazoqui et al., 2010; Pukkila-Worley et al., 2011), we speculate
that detection of toxins by endocytosis is a major resistance
strategy forC. elegans, whose defense relies heavily on epithelial
cells. Perhaps toxin sensing is an optimal mode of defense for
epithelial cells, which are regularly in contact with both patho-
genic and innocuous microbes.
Translational inhibition is a very common pathogenic attack
strategy. In addition to infection by bacteria, infection by viruses
commonly causes arrest of host translation to allow viral tran-
scripts privileged access to host translational machinery (Walsh
and Mohr, 2011). Because of the ubiquitous nature of this form
of attack, it would not be surprising if response to translational
inhibition would be a conserved form of host defense. For
example, translation inhibition induces cytokine production in
mammals (Youngner et al., 1965). As mentioned above, there
is a role for NFkB in this response, which can be activated by a
cocktail of translation inhibitors delivered by the bacterial path-
ogen L. pneumophila (Fontana et al., 2011). There are several
other bacterial toxins known to target host translation, such as
diphtheria toxin, ricin toxin, and Shiga toxin. Indeed, the transla-
tional elongation inhibitor cycloheximide was originally isolated
from the soil bacterium Streptomyces griseus (Schneider-
Poetsch et al., 2010). These translation-blocking toxins cause
substantial impact on human health, for example by causing
lethal gastrointestinal infections (Bielaszewska et al., 2011;384 Cell Host & Microbe 11, 375–386, April 19, 2012 ª2012 ElsevierFrank et al., 2011). Like Exotoxin A, these toxins can be endocy-
tosed into the host cell to block translation (Deng and Barbieri,
2008). Perhaps human intestinal epithelial cells (and also profes-
sional immune cells) monitor disruption of host protein synthesis
using a surveillance pathway similar to what we describe in
C. elegans intestinal epithelial cells, in order to specifically detect
and respond to pathogen attack.EXPERIMENTAL PROCEDURES
RNAi Experiments and Feeding RNAi Screen
Feeding RNAi experiments were performed as described (Estes et al., 2010).
The Ahringer and Vidal Uniques RNAi libraries were used for the irg-1p::GFP
RNAi screen (Kim et al., 2005). See the Supplemental Experimental
Procedures for details.Pathogen Infection Experiments
P. aeruginosa infection experiments were performed as described (Powell
and Ausubel, 2008). In brief, overnight cultures of P. aeruginosa strain
PA14 were seeded onto SK plates, then incubated at 37C for 24 hr, followed
by 25C for 24 hr. Animals were washed onto plates and were harvested 4 hr
later for qRT-PCR experiments, or viewed 8–20 hr later for irg-1::GFP experi-
ments.P. aeruginosawere heat-killed by incubating at 95C for 30–40min, and
killing was confirmed by streaking onto LB plates to look for the absence of
colonies.Gene Expression Analysis
RNA extraction, reverse transcription, and qRT-PCR were performed as
described (Troemel et al., 2006). qRT-PCR primer sequences are available
upon request. For all qRT-PCR experiments, each biological replicate was
measured in duplicate and normalized to a control gene, which did not change
expression upon conditions tested (nhr-23 for infection, cycloheximide, and
RNAi experiments; snb-1 for heat shock GFP experiments). The Pffafl method
was used for quantifying data (Pfaffl, 2001). All qRT-PCR studies of
P. aeruginosa induction were performed at 4 hr postinoculation.SUPPLEMENTAL INFORMATION
Supplemental Information contains four figures, one table, Supplemental
Results, Supplemental Experimental Procedures, and Supplemental
References and can be found with this article online at doi:10.1016/j.chom.
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